We present design, fabrication and characterization of a novel integrated device for tuning the wavelength of quasi-phase matched (QPM) second harmonic generation (SHG) in a periodically poled lithium niobate (PPLN) wavelength converter. A Cr/Pt/Au thin film layer is deposited on a PPLN device with a polymer buffer layer to work as a microheater. Wavelength tuning is achieved by applying current to the micro-heater, which changes the effective period of QPM grating and thus the QPM wavelength through the thermal optics effect (TOE). In contrast to the conventional temperature tuning method based on a bulky oven, the proposed device has excellent characteristics such as compact, fast tuning speed and low power consumption.
Introduction
Single-pass frequency conversion by a nonlinear optical (NLO) crystal is an attractive method for generating coherent radiation in various spectral domains from ultraviolet to mid-infrared. Over the years, lithium niobate (LiNbO 3 ) has been the most attractive material of choice for frequency conversion, because it is a mature, readily available material with large second-order nonlinear coefficient and wide transparency bandwidth covering a useful range from 350 to 5500 nm [1] . To achieve efficient frequency conversion, a phase matching technique has to be employed to compensate the phase matching between the interacting waves. Recently, the quasi-phase matching technique is recognized as an attractive method to achieve efficient wavelength conversion [2] [3] . Compared with other phase matching methods such as birefringent phase matching (BPM) technique, QPM technique allows us to use the largest nonlinear coefficient over the whole transparent spectral range of the crystal without the walk-off effect.
QPM condition is closely related to the periodic structure along the propagation direction, so the tolerances of QPM devices to variations of temperature and wavelength are usually small. In other word, operation temperature and the fundamental wavelength have to be controlled in a narrow region to satisfy the QPM condition. As a result, a temperature control system is usually required for the QPM devices to achieve stable operation. On the other hand, in some biomedical applications, it is desirable to tune the converted wavelength. For these applications, it is necessary to tunable the QPM condition at fast speed. Several methods have been studied to achieve tunable QPM devices, such as angle tuning [4] , temperature tuning [5] , chirped QPM grating [6] , and tapered waveguide [7] . Among these methods, temperature tuning is more attractive because of its simplicity. When the temperature is tuned, the QPM period is effectively changed due to the temperature dependence of the refractive indexes. Moreover, the temperature tuning technique can maintain the conversion efficiency over in the entire tuning range, which can hardly be achieved by the other tuning techniques.
In this paper, we demonstrate a novel integrated design for tuning the wavelength of second harmonic generation in a PPLN waveguide device. A Cr/Pt/Au multilayer metal thin film is deposited on a PPLN sample with a polymer buffer layer to work as a micro-heater. When applying current to the micro-heater, the temperature in the micro-heater area is tuned, and thus the effective period of the QPM waveguide device changed due to the temperature dependence of the refractive index of PPLN, which leads to the change of QPM wavelength. As the temperature sensitivity of the QPM wavelength for PPLN waveguide devices is about 0.136 nm/°C, the tuning rang as large as 10 nm can be achieved with only hundreds milliamperes current. In contrast to the usual temperature tuning for PPLN devices with an external oven, this compact design has fast tuning speed and low power consumption.
Theoretical analysis
The concept of temperature tuning is based on the knowledge of the refractive-index variation with temperature, which is called the thermo-optic effect. TOE is widely used in design and operation of modern optoelectronic integrated devices and circuits.
Second harmonic generation is commonly used as the first practical nonlinear frequency conversion process when developing a new nonlinear optical material or device. Preliminary SHG demonstrations also indicate a design's practicability for other conversion techniques such as difference and sum frequency generation or optical parametric oscillation and amplification. 
To achieve the QPM condition, the period of grating structure Λ is equal to two times of the coherent length c l
The linear and nonlinear physical properties of congruent LiNbO 3 have been studied in many literatures. The temperature dependent Sellmeier expression has been reported as 
In addition, the linear thermal expansion at temperature T should be considered as
where α is the thermal expansion coefficient of congruent lithium niobate crystals. Combining Eqs. (2) and (5), we obtain the relationship between the QPM period Λ , wavelength λ and temperatureT . As shown in Figure 1 , for a certain QPM wavelength, the QPM period decreases with increase of temperature. For a fixed QPM period, the QPM wavelength increases with the increase of temperature. The simulation results indicate that the temperature sensitivity of the QPM wavelength is about 0.136 nm/°C for a congruent PPLN device with a period of 18.7 µm. Which means by tuning temperature from room temperature (~25 °C) to 100 °C, about 10 nm wavelength tuning can be achieved.
Device fabrication
The whole fabrication process can be divided into three major parts: periodically crystal poling, waveguide proton exchange and micro-heater fabrication. Fig.2 (c) ]. Typically, the voltage is around 21 KV. In order to obtain high conversion efficiency, the inversion interface must be perpendicular in depth and the periodic structure must be uniform along the beam propagation direction. Figure 3 shows a microscopic picture of a periodically poled sample with a period of 18.7 µm. As shown in the picture, uniform QPM structure over a full three inch LiNbO 3 wafer was achieved. Annealed proton-exchange (APE) is the most important and attractive technique for fabricating single-mode, low propagation loss waveguides on PPLN wafers [9] . Waveguide patterns were aligned perpendicular to the QPM grating. Stripe windows can be opened by either the etching or lift-off processes on chromium mask layer [ Fig.2 (e) ]. The wafer with the mask was immersed in a proton source for proton-exchange (PE) [ Fig.2 (f) ]. The molten benzoic acid was used at a temperature ranging from 160 to 240 °C. After several tens of minutes, the wafer was taken out. After cooling down and removal of the mask, the wafer was thermally annealed for hours to reduce the propagation loss and to recover the nonlinear coefficient.
A polymer layer, around 20 µm thick, was spun on the surface to act as a buffer layer [ Fig.2 (g) ]. The function of the buffer layer is to isolate the metal micro-heater layer from waveguides in order to avoid the beam leak into the metal layer. In addition, the buffer layer can also make the heat uniformly transfer from heater to waveguide and release the stress.
A Cr/Pt/Au multi metal layer was deposited on a PPLN sample as the micro-heater with the thickness of 30 nm /250 nm /150 nm. The Cr layer acts as an adhesion layer for the Pt attachment to the substrate. The resistance is mainly influenced by the Pt layer's thickness. Platinum was selected as the heater material because of its good thermal conductivity, low resistivity, and its high melting point. The gold layer provides a satisfactory surface for making conventional wire bond connections. The pattern of micro-heaters was fabricated by the lift-off processes. Figure 4 shows the dimension of the micro-heater and the microscopic picture of the electrode. and A is the area through which the current flows. The resistance of the integrated micro-heater used in this study was about 110Ω. As shown in Figure 5 , an amplified spontaneous emission (ASE) light with a broadband wavelength range from an erbium doped fiber amplifier (EDFA) was coupled into the waveguide through a single mode fiber. On the other side, the SHG light was collected by another single mode fiber and input into a HP optical spectrum analyzer. The SHG peak only appears at the QPM wavelength. The device was placed on a heat insulated holder with a temperature sensor. Two micro-tips were used for connection between the micro-heater and a Keithley 2400 sourcemeter, which worked as current supplying and voltage measurement at the same time. tuning curve of the fabricated device with a broadband ASE light input. The QPM wavelength was detected by OSA and the local temperature of the device was detected by the temperature sensor when applying the DC current. The increase of current leads the increase of the device's temperature and the QPM wavelength. As shown in the figure, the wavelength increase curve is almost as same as temperature increase curve, because the QPM wavelength depends linearly on the temperature, which is agreed with the theoretically simulation results shown in Figure 1 (b). With 125mA current applied, the local temperature is increased to about 120 °C while the QPM wavelength is tuned for over 10nm. It is worth noting that to heat the device up to 120 °C, only ~1.7 watts electric power consumption is necessary, which is significantly less than that consumed by the conventional external temperature control system (nearly 20 watts).
Results and Discussion

Conclusions
In conclusion, temperature tuning of a wavelength conversion device based on PPLN has been proposed and demonstrated by employing an integrated micro-heater formed by thin multilayer metal films. Fabrication process and device performances have been studied both theoretically and experimentally. Experimental results show that the QPM wavelength can be tuned from 1537.8 nm to 1548.2 nm by applying the DC current from 0 to 120 mA. The power consumption is reduced to 10% as compared with the conventional external temperature control system.
